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We have studied charged current neutrino/antineutrino induced weak pion production from nucleon.
For the present study, contributions from ∆(1232)-resonant term, non-resonant background terms
as well as contribution from higher resonances viz. P11(1440), D13(1520), S 11(1535), S 11(1650)
and P13(1720) are taken. To write the hadronic current for the non-resonant background terms, a
microscopic approach based on SU(2) non-linear sigma model has been used. The vector form factors
for the resonances are obtained from the helicity amplitudes provided by MAID. Axial coupling
in the case of ∆(1232) resonance is obtained by fitting the ANL and BNL ν-deuteron reanalyzed
scattering data. The results of the cross sections are presented and discussed for all the possible
channels of single pion production induced by charged current interaction.
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1. Introduction
Experimenters are using neutrino/antineutrino beam of few GeV energy in the study of neu-
trino/antineutrino nucleus scattering to determine some of the oscillation parameters like ∆m232, θ32,
CP violating phase δ, etc. They are also important because of the interest in understanding hadronic
structure in weak sector where besides vector current they also get contribution from axial vector cur-
rent. In the neutrino/antineutrino energy region of 1GeV, the dominant contribution to the charged
lepton events come from quasielastic scattering and single pion production processes. The available
experimental results of single pion production and their comparison with various theoretical calcu-
lations have necessitated the need to re-examine the basic reaction mechanism for the production of
single pion from free nucleon target. In various theoretical calculations there is lack of consensus
in the modeling of basic reaction mechanism of ν(ν¯) induced pion production from free nucleon,
specially concerning the contribution of background terms as well as the contribution of higher reso-
nances in addition to the dominant ∆(1232) resonance. The tension between the experimental results
from old bubble chamber experiments, ANL [1] and BNL [2], which were performed using deu-
terium/hydrogen targets, necessitated the need of re-performing the experiments with high precision
using deuterium targets. Recently, Wilkinson et al. [3] have reanalyzed the old ANL [1] and BNL [2]
data and found the differences in these two results to be within 12% at Eν = 1GeV and 8% at
Eν = 2GeV . A theoretical understanding of these data may be of great interest in the understanding
of hadronic physics.
In this work, we present a study of single pion production induced by neutrinos/antineutrinos off
nucleon. Besides the dominant ∆(1232)-term, we have considered non-resonant background terms
and also taken the contribution of higher resonances viz. P11(1440), D13(1520), S 11(1535), S 11(1650)
and P13(1720). Presently there is no consensus as to how the non-resonant background terms should
be added to the dominant ∆(1232) contribution. Some authors have performed calculations by co-
herently summing the contributions of hadronic current from the background terms and the ∆(1232)-
resonant term, while some have added them incoherently. The understanding of the role of back-
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ground terms is specially important in determining the N −∆ transition form factors in νµp → µ−pπ+
and ν¯µn → µ+nπ− channels which are dominated by ∆(1232)- excitation and receive no contribution
from the nearby higher resonance which are I = 12 resonances.
In section-2, we present the formalism in brief and discuss the results in section-3.
2. Formalism
The cross section for the single pion production process νl(ν¯l) + N → l−(l+) + N′ + πi; N, N′ =
p, n; i = ±, 0, may be written as,
dσ = (2π)
4
4ME
δ4(k + p − k′ − p′ − kπ) d~p
′
(2π)32E′p
d~kπ
(2π)32Eπ
d~k′
(2π)32El
¯ΣΣ|M|2 (1)
where k(k′) is the four momentum of the incoming(outgoing) lepton having energy E(El) while p(p′)
is the four momentum of the incoming(outgoing) nucleon and the pion momentum is kπ having energy
Eπ. |M|2 is the square of the matrix element given by
|M|2 =
G2F
2
LµνJµν. (2)
where Lµν is the leptonic tensor
Lµν = lµl†ν = 8
(
kµk′ν + k′µkν − gµν k · k′ ± iǫµναβ k′αkβ
)
, (3)
the upper(lower) sign in the antisymmetric term stands for (antineutrino)neutrino induced processes.
To get the expression for hadronic tensor Jµν(= jµ j†ν), the hadronic current has been obtained
for the Feynman diagrams shown in Fig 1. The contributions of non-resonant background terms
are obtained using a chiral invariant Lagrangian based on non-linear sigma model [6]. At tree level
the various diagrams which may contribute to the pion-production mechanism are direct and cross
nucleon pole, contact diagram, pion pole and pion in flight diagram labeled as NP, CNP, CT, PP and
PF respectively. As the non-linear sigma model assumes hadrons as point like particle, therefore, to
take into account the structure of hadron, the form factors are introduced at the W±N → N transition
vertex. The details are given in Refs. [4, 5].
The final form of hadronic current for non-resonant background are obtained as [5]
jµ
∣∣∣NP = ANPu¯(~p ′) /kπγ5 /p + /q + M(p + q)2 − M2 + iǫ
[
VµN(q) − AµN(q)
]
u(~p ),
jµ
∣∣∣CP = ACPu¯(~p ′)
[
VµN(q) − A
µ
N(q)
] /p′ − /q + M
(p′ − q)2 − M2 + iǫ /kπγ5u(~p ),
jµ
∣∣∣CT = ACT u¯(~p ′)γµ
(
gA f VCT (Q2)γ5 − fρ
(
(q − kπ)2
))
u(~p ),
jµ
∣∣∣PP = APP fρ
(
(q − kπ)2
) qµ
m2π + Q2
u¯(~p ′) /q u(~p ),
jµ
∣∣∣PF = APF fPF(Q2) (2kπ − q)
µ
(kπ − q)2 − m2π
2Mu¯(~p ′)γ5u(~p ), (4)
where for NP and CNP currents, at the transition vertex W±N → N, we have introduced form factors
in VµN(q) and A
µ
N(q) to account for the nucleon structure, given by
Vµ,CCN (q) = f1(Q2)γµ + f2(Q2)iσµν
qν
2M
(5)
2
Aµ,CCN (q) =
(
fA(Q2)γµ + fP(Q2)q
µ
M
)
γ5, (6)
where f1,2(Q2) and fA,P(Q2) are the isovector vector and axial vector form factors for nucleons. Sim-
ilarly fρ(Q2) accounts for dominant contribution that comes from ρ–meson cloud at ππNN vertex
in the case of PP diagram. Finally, CVC relates the fPF(Q2), f VCT (Q2) with f1(Q2) and PCAC relates
fρ(Q2) with the axial part of CT diagrams. In the case of resonances, apart from the dominant ∆(1232)
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Fig. 1. Feynman diagrams contributing to the hadronic current corresponding to W iN → N′π±,0, where
(W i ≡ W± ; i = ±) for charged current processes with N, N′ = p or n. First row: direct and cross diagrams for
resonance production where intermediate term R stands for different resonances. Second row: nucleon pole(NP
and CNP) terms. The third row the diagrams are for contact term(CT) and pion pole(PP) term (third row left to
right) and pion in flight(PF)(fourth row) terms.
resonance, we have also considered the contribution of various resonances from second resonance re-
gion viz: D13(1520) and P13(1720) which have J = 32 , I = 12 and P11(1440), S 11(1535) and S 11(1650)
which have J = 12 , I =
1
2 . The Feynman diagrams for the resonant contributions are depicted in Fig. 1
and are labeled as R and CR corresponding to direct and cross terms. R/CR represents both spin half
and three half resonances. The currents for spin J = 32 resonances are obtained as
jµ
∣∣∣ 32R = i cos θc CR k
α
π
p2R − M
2
R + iMRΓR
u¯(~p ′)P3/2
αβ
(pR)Γβµ3
2
(p, q)u(~p ), pR = p + q,
jµ
∣∣∣ 32CR = i cos θc CR k
β
π
p2R − M
2
R + iMRΓR
u¯(~p ′) ˆΓµα3
2
(p′,−q)P3/2αβ (pR)u(~p ), pR = p′ − q, (7)
and for spin J = 12 resonances are obtained as
jµ
∣∣∣ 12
R = i cos θc C
Ru¯(~p ′) /kπγ5 /p + /q + MR(p + q)2 − M2R + iΓRMR
Γ
µ
1
2
u(~p ),
3
Resonances MR [GeV] J I P Γtot0 πN branching FA(0) f⋆(GeV) ratio (%) or ˜CA5 (0)
P33(1232) 1.232 3/2 3/2 + 0.120 100 1.0 2.14
P11(1440) 1.462 1/2 1/2 + 0.250 65 −0.43 0.215
D13(1520) 1.524 3/2 1/2 − 0.110 60 −2.08 1.575
S 11(1535) 1.534 1/2 1/2 − 0.151 51 0.184 0.092
S 11(1650) 1.659 1/2 1/2 − 0.173 89 −0.21 −0.105
P13(1720) 1.717 3/2 1/2 + 0.200 11 −0.195 0.147
Table I. Properties of the resonances included in the present model, with Breit-Wigner mass MR, spin J,
isospin I, parity P, the total decay width Γtot0 , the branching ratio into π N, the axial coupling and f ⋆. [4]
jµ
∣∣∣ 12CR = i cos θc CRu¯(~p ′)Γµ1
2
/p′ − /q + MR
(p′ − q)2 − M2R + iΓRMR
/kπγ5u(~p ), (8)
where CR is the coupling strength for R → Nπ and MR is the mass of the resonance. P3/2αβ is spin
three-half projection operator and is given by
P
3/2
αβ (P) = − ( /P + MR)
gαβ − 23
PαPβ
M2R
+
1
3
Pαγβ − Pβγα
MR
−
1
3γαγβ
 , (9)
The weak vertex Γνµ(Γµ) for spin 32 (12 ) resonances has V-A structure, given by
Γ
3
2
+
νµ =
[
V
3
2
νµ − A
3
2
νµ
]
γ5 Γ
1
2
+
µ = V
1
2
µ − A
1
2
µ
Γ
3
2
−
νµ =V
3
2
νµ − A
3
2
νµ Γ
1
2
−
µ =
[
V
1
2
µ − A
1
2
µ
]
γ5 (10)
where the superscript +(−) stands for positive(negative) parity state. For spin three half states the
vertex Γνµ may be written in terms of six form factors viz:
V
3
2
νµ =
˜CV3
M
(gµν /q − qνγµ) +
˜CV4
M2
(gµνq · p′ − qνp′µ) +
˜CV5
M2
(gµνq · p − qνpµ) + gµν ˜CV6
A
3
2
νµ = −

˜CA3
M
(gµν /q − qνγµ) +
˜CA4
M2
(gµνq · p′ − qνp′µ) + ˜CA5 gµν +
˜CA6
M2
qνqµ
 γ5 (11)
while for the case of spin half states Γµ is generally expressed in terms of four form factors as,
Vµ1
2
=
F1(Q2)
(2M)2
(
Q2γµ + /qqµ
)
+
F2(Q2)
2M
iσµαqα
Aµ1
2
= −FA(Q2)γµγ5 − FP(Q
2)
M
qµγ5, (12)
The vector form factors for the resonant states (except for the ∆-resonance) are parameterized using
helicity amplitudes from the MAID analysis. The parameterizations and various form of vector form
factors used in the present calculations are given in Ref. [4]. For the axial form factors we have used
the Goldberger-Trieman relation which relates the R → Nπ coupling to the ˜CA5 (0)(FA(0)) for the spin
4
three-half(half) resonances. To get R → Nπ coupling strength, we have used partial decay width for
the different resonant states following PDG values for the partial decay rates. The various properties
of the resonances along with their couplings are tabulated in Table-I. Furthermore, assuming PCAC
and pion pole dominance at the weak vertex the pseudoscalar form factors ˜CA6 (Q2)(FP(Q2)) are re-
lated to ˜CA5 (Q2)(FA(Q2)). We have neglected the contribution of ˜CA3,4 form factors for D13(1520) and
P13(1720) resonances.
We have also taken deuteron effect in our calculations by following the prescription of Hernandez
et al. [6] and write (
dσ
dQ2dW
)
νd
=
∫
dpdp|Ψd(pdp)|2
M
Edp
(
dσ
dQ2dW
)
off shell
. (13)
In the above expression |Ψd |2 = |Ψd0 |
2 + |Ψd2 |
2
, where Ψ0 and Ψ2 are the deuteron wave functions for
the S–state and D–state, respectively and have been taken from the works of Lacombe et al. [7].
3. Results and discussions
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Fig. 2. Total scattering cross section for νµp → µ−pπ+ process. Data points are reconstructed/reanalyzed
data of ANL and BNL experiments by Wilkinson et al. [3]. Here no invariant mass cut has been applied. In
the left panel change in cross section with the variation(by 10%) of axial dipole mass MA has been shown by
taking central value as the world average value. While in the right panel the effect of variation of axial charge
for ∆(1232) resonance has been shown. The central curve has ˜CA5 (0)|∆ = 1.1 and the shaded region has been
obtained by varying ˜CA5 |∆ by 10%.
Using the expression for the differential scattering cross section given in Eq. 1 and integrating
over the kinematical variables we obtain the result for total scattering cross section. To incorporate
the deuteron effect we have used Eq. 13. In all the numerical calculations where MA appears, we have
taken it as the world average value, i.e. MA = 1.026 GeV.
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In Fig. 2, we have shown the results for the total scattering cross section for the charged cur-
rent neutrino induced 1π+ production process on proton target i.e. for the reaction νµp → µ−pπ+.
The results are presented for the total scattering cross section with ∆(1232) and non-resonant back-
ground(NRB) terms. The results presented here are obtained without using any cut on invariant mass.
We have compared the results with the reanalyzed experimental data of ANL [1] and BNL [2] exper-
iments by Wilkinson et al. [3]. Furthermore, the effect of varying ˜CA5 (0)|∆ and MA on total scattering
cross section has been studied. We found that the total scattering cross section σ(νµp → µ−pπ+)
has minimum chi-square when ˜CA5 (0)|∆ = 1.0 and MA = 1.026 GeV are used in the expression of
˜CA5 (Q2)|∆. However, to see the effects of ˜CA5 (0)|∆ and MA on total scattering cross section we have
shown variations of MA and ˜CA5 (0)|∆ in shaded regions. We find that the cross section changes by
about ∼ 10% at Eν = 1GeV if the axial dipole mass MA is varied by 10%. Similarly, at Eν = 1GeV
when ˜CA5 (0)|∆ is varied by 10% the variation in the cross section is around 9%.
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Fig. 3. Total scattering cross section for the charged current neutrino induced pion production processes
through various channels. Legends are self explanatory.
In Fig. 3, we have presented the results of total scattering cross section for the charged current
neutrino induced pion production processes in all the channels. The experimental data shown for π+p
channel is same as in Fig. 2, while for the other channels like π0 p and π+n the data are from ANL [1]
and BNL [2] experiments. In the case of νµp → µ−pπ+ induced reaction, the main contribution to the
total scattering cross section comes from the ∆(1232) resonance and there is no contribution from the
higher resonances which are considered here. We find that due to the presence of the non-resonant
background terms there is an increase in the cross section which is about 12% at Eνµ=1GeV which
becomes ∼ 8% at Eνµ=2GeV.
For νµn → µ−nπ+ as well as νµn → µ−pπ0 processes, there are contributions from the non-
resonant background terms as well as from the higher resonant terms besides the ∆(1232) resonance.
The net contribution to the total pion production due to the presence of the non-resonant background
terms in νµn → µ−nπ+ reaction results in an increase in the cross section of about 12% at Eνµ=1GeV
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which becomes 6% at Eνµ=2GeV. When higher resonances are also taken into account there is a
further increase in the cross section by about 40% at Eνµ=1GeV which becomes 55% at Eνµ=2GeV.
In the case of νµn → µ−pπ0 process, due to the presence of the background terms the total increase in
the cross section is about 26% at Eνµ=1GeV and 18% at Eνµ=2GeV and due to the presence of higher
resonances there is a further increase of about 35% at Eνµ=1GeV and 40% at Eνµ=2GeV. Thus, we
find that the inclusion of higher resonant terms lead to a significant increase in the cross section for
νµn → µ
−nπ+ and νµn → µ−pπ0 processes. Furthermore, it may also be concluded from the above
observations that contribution from non-resonant background terms decreases with the increase in
neutrino energy, while the total scattering cross section increases when we include higher resonances
in our calculations.
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Fig. 4. Total scattering cross section for the charged current antineutrino induced pion production processes
through various channels. Legends are self explanatory.
When a cut of W ≤ 1.4GeV on the center of mass energy is applied then due to the presence
of the non-resonant background terms, the increase in the total scattering cross section in the energy
range Eνµ=1 GeV for νµp → µ−pπ+ process is about 10% which becomes 12% at Eνµ=2GeV. For
νµn → µ
−nπ+ reaction this increase in the cross section is about 14% at Eνµ=1GeV which becomes
5% at Eνµ=2GeV. When higher resonances are also taken into account there is a further increase in
the cross section which is about 40% at Eνµ=1GeV which becomes ∼ 55% at Eνµ=2GeV. While in the
case of νµn → µ−pπ0 due to the presence of the non-resonant background terms the total increase in
cross section is about 26% at Eνµ=1-2GeV. Due to the presence of other resonances there is a further
increase of about 5% at Eνµ=1GeV, contributions of which become 8% at Eνµ=2GeV.
In Fig. 4, we have shown the results for the charged current antineutrino induced pion production
processes. Here also in the case of ν¯µn → µ+nπ− reaction there is no contribution from the higher
resonances other than ∆(1232) resonance. The inclusion of non-resonant background terms increases
the cross section by around 24% at Eνµ=1GeV which becomes around 12% at Eνµ=2GeV. For ν¯µp →
µ+nπ0 reaction, inclusion of non-resonant background terms increases the cross section by around
7
42% at Eνµ=1GeV which becomes 20% at Eνµ=2GeV. When higher resonances are included, the
cross section further increases by ∼ 2% at Eνµ=1GeV which becomes 26% at Eνµ=2GeV. In the case
of ν¯µp → µ+pπ− reaction, the inclusion of non-resonant background terms increases the cross section
by around 16% at Eνµ=1GeV which becomes 4% at Eνµ=2GeV. When higher resonances are included
the cross section further increases marginally at Eνµ=1GeV and ∼ 15% at Eνµ=2GeV.
4. Conclusions
We have presented the results for charged current one pion production cross section in the en-
ergy region of Eν/ν¯ ≤ 2GeV . Our model consists of contributions from background terms due to
non-resonant diagrams, ∆(1232) resonant term and the contributions from higher resonances. The
∆(1232)-resonance has the dominant contribution but we also need contributions from the non-
resonant background terms and the higher resonant terms to describe the experimental data for all
the possible channels of single pion production induced by charged current neutrino/antineutrino in-
duced processes. We used νµp → µ−pπ+ channel to fix the axial charge(C5A(0)|∆) and axial dipole
mass MA, as there is no other resonance which contributes to this process. To fix these parameters,
we have used reanalyzed data of ANL and BNL and the numerical values obtained from our best fit
are MA = 1.026GeV and C5A(0)|∆ = 1.0.
When contribution of higher resonances are taken into account, we find that the major contribu-
tions to the pion production come from P11(1440) and D13(1520) resonances. The contribution due
to non-resonant terms is more important for νn → νpπ− process and less important for ν¯p → ν¯pπ0
process.
The present work contributes to the theoretical understanding of the role of background terms
and higher resonance terms in neutrino/antineutrino induced one pion production off the nucleon.
It would be interesting to apply the present formalism to study the nuclear medium effects in the
neutrino/antineutrino induced pion production process from nuclear targets in the accelerator experi-
ments being performed in the few GeV energy region.
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